The nicotinic receptor at the nerve muscle synapse of vertebrates mediates the fast synaptic actions of the chemical transmitter acetylcholine. This receptor was the first ligand-gated receptor and ion channel to be characterized in pharmacological, biophysical, biochemical, and molecular biological terms. The nicotinic acetylcholine receptor has served as the prototype of ligand-gated ion channels. It was the most studied and the best understood, and it provided the paradigm for the study of all the other ligand-gated receptors in the brain.
In Nicotinic Acetylcholine Receptors, Jean-Pierre Changeux and Stuart Edelstein give us a panoramic overview of the research on this receptor in 15 crisp chapters. The first chapter provides a historical introduction beginning with John Langley's Croonian Lecture of 1906, in which Langley outlined his evidence for the existence of a receptor to acetylcholine in skeletal muscle based on the action of nicotine and curare. The last chapter provides a modern discussion of nicotinic receptors and brain function. The 13 intervening chapters describe the molecular universe of the nicotinic receptor. This is a universe to which the senior author, Jean-Pierre Changeux, has contributed so much.
In the course of this work, Changeux made several seminal contributions to the field of receptor biology that are outlined in this book, coauthored with Stuart Edelstein, Changeux's longstanding colleague and contributor on allosteric mechanisms. The book is informative and interesting, providing Changeux and Edelstein's unique view of the development of the field. Nicotinic Acetylcholine Receptors is written in an accessible manner, one that covers key steps in the evolution of the field but with a personal perspective, akin to a scientific memoir. As such, Nicotinic Acetylcholine Receptors provides an important and individual introduction to the field that should be particularly valuable to students. Last but not least, Nicotinic Acetylcholine Receptors is not only a scientific monograph from major contributors to the field but also an important publishing event. It marks the entry of Odile Jacob, one of France's most important publishers, into the American publishing scene.
There is no doubt that Changeux's scientific work on acetylcholine receptors, as well as the efforts of a world-wide cadre of Changeux-trained investigators, has influenced how we all think about the structure and function of neurotransmitter receptors and their regulation on the molecular level.
While still a student at Institut Pasteur with Jacques Monod, Changeux discovered allosteric interactions. He found that he could produce a loss in the ability of the enzyme threoninedeaminase to respond to feedback inhibitory signals without interfering with its catalytic activity. These observations made it clear that proteins could assume different conformational states and thereby integrate several different signals.
The discovery of allosteric properties in proteins and his interest in neurobiology next led Changeux to work on the nicotinic acetylcholine receptor of the electric organs of electric fish as a postdoctoral fellow with David Nachmansohn at Columbia University. Changeux soon realized that the nicotinic acetylcholine receptor had the properties of an allosteric protein, an idea developed independently by Arthur Karlin. Changeux and Edelstein highlight the role of allosteric interactions in signal transduction, first in nAChRs and later generalizing this idea to all ligand-gated receptors.
Influenced in his physiological thinking by Bernard Katz and in his biochemical approaches by David Nachmansohn, Changeux focused on the nicotinic acetylcholine receptor as a model for studying fundamental aspects of synaptic transmission. Changeux's earliest contributions were key to work identifying the ACh receptor and its ion channel as a protein. This important step, in conjunction with Karlin's separation and identification of the nAChR subunits, led the way to the subsequent cloning and sequencing of the subunits by Steve Heinemann and Toni Claudio, who first cloned the gamma subunit of the nAChR from Torpedo, and then by Numa and colleagues, who quickly followed with the cloning and sequencing of the alpha, beta, gamma, and delta subunits from mouse.
As the next step in this work, Changeux showed that membrane fragments purified from the organs of the electric fish formed closed vesicles that contained functional receptors capable of conducting ions in response to the binding of ligand. The demonstration that cell-free vesicles could contain functional receptors was an important contribution to the field of receptor biology, especially in developing our understanding of the process of nicotinic AChR desensitization. The combined efforts and varied technical approaches of Changeux, Heinemann, Karlin, Raftery, and their colleagues, along with the detailed functional studies of nAChRs by Neher, Sakmann, Colquhoun, and their colleagues, made possible by the advent of patchclamp recording, led the field of receptor biology into the era of modern molecular analyses.
Changeux's early contributions to the development of the field relied heavily on electric fish, which Nachmansohn had introduced into neurobiology, because these specialized muscle cells of the electric organs are greatly enriched in nicotinic acetylcholine receptors. In 1970, Lee and his colleagues in Taiwan discovered that certain toxins purified from snake were active on vertebrate muscle. Together with Lee, Changeux discovered that one of these toxins (a-bungarotoxin) binds selectively and blocks the response to acetylcholine of the electric organ. Changeux found this binding to be essentially irreversible. This allowed him to solubilize the receptor protein and show that it has a molecular weight of 250,000 dalton. In a beautiful series of electromicroscopic experiments, Changeux's work contributed to the fundamental understanding of AChR structure, showing that the receptor subunits assemble in a rosette-like fashion with a hydrophilic core.
The book goes on to tell how Numa and his colleagues described that each of the subunits traverses the membrane four times. Numa called the four hydrophobic candidate membrane-spanning regions Ml, M2, M3, and M4. Their amino acid sequence suggested that the subunits are symmetrically arranged in such a way that they create a central membrane-spanning channel. With this as a background, Changeux next turned to identifying the sites along the channel pore by utilizing biochemical probes, including the AChR blocker chlorpromazine, which penetrates the open channel about two-thirds of the way and then plugs it. He found that chlorpromazine binds to a ring of serine residues on the M2 regions of the various subunits and to three rings of amino acids that lie at homologous positions in each subunit, supporting the location for a high-affinity site for chlorpromazine in the axis of pseudosymmetry of the molecule. Similar insights were drawn from concomitant studies by Hucho and colleagues using triphenylmethylphosphonium. These discoveries were critical to the demonstration that the channel pore was formed by the M2 region of each subunit and by the segment connecting M1 and M2 delineated by Numa and Sakmann, and by Henry Lester, Norman Davidson, and Arthur Karlin using site-directed mutagenesis.
Because all ligand-gated channels have a similar overall structure including an M2 segment, Changeux and others went on to explore which of these amino acids within the M2 segments of nAChRs were conserved in other cysteine-loop-containing ligand-gated channels. Such analyses led to seminal work by Changeux and Le Novere on the molecular evolution of nicotinic acetylcholine receptors.
Nicotinic Acetylcholine Receptors also recounts Changeux's focus on dissecting the molecular mechanisms involved in the regulation of nAChRs at the developing motor endplate and on the many roles of the structurally related -but pharmacologically and functionally distinct-nAChRs in the brain. His work on developing motor endplates revealed compartmentalized expression of nAChRs in muscle nuclei and emphasized the role of local control of nAChR expression and distribution as well as novel regulatory mechanisms in muscle AChR function. As part of this effort, Changeux identified the calcitonin gene-related peptide (CGRP) and cyclic AMP as important first and second messengers, respectively, involved in the regulation of nAChR desensitization by means of receptor phosphorylation.
Changeux has had a long-term interest in how synapses form and become stabilized. As early as the 1970s, he began to develop ideas about selective stabilization of synapses whereby some connections strengthen and others regress. This selectionist view advanced by Changeux now has been extensively adapted in neurobiology by investigators such as Gerald Edelman, Carla Shatz, and Martha Constantine-Paton. Testing this hypothesis in the context of the nicotinic acetylcholine receptor, Changeux and his colleagues used selective probes for the premRNA of the alpha subunit. Changeux showed that such mRNA probes were restricted to subneural nuclei in young adult chicks, neatly compartmentalized within the muscle fiber. By contrast, in embryonic myotube or adult muscle fiber after denervation, the mRNA coding for the alpha subunit is distributed over nuclei present along the muscle fiber. Thus, a progressive repression by electrical activity of subunit gene transcription must take place at extrajunctional nuclei during development. Changeux was able to produce this repression of the alpha subunit gene transcription by electrical stimulation in muscle culture and show that it involves the entry of calcium and the activation of protein kinase C. The persistence of the alpha subunit transcription at nuclei located directly under the nerve ending was attributed by Changeux to trophic factors released from the motor nerve ending.
The book includes Changeux's most recent work using transgenic mice that has shown that a 5 0 flanking sequence of the alpha subunit is linked to a nuclear localization signal. In addition, he has shown that in the chick the promoter is sufficient for the compartmentalization of the transgene and thus contains all the DNA information required for its topological regulation. In band-shifting and footprinting experiments, Changeux has been able to show that several DNA-binding proteins interact with the enhancer region upstream from the promoter and that proteins of the myo-D family serve as transcription activators for the alpha subunit gene and bind to two separate myo-D elements in the promoter.
What is so special about Changeux's contributions is that they extend substantially beyond the acetylcholine receptor. This too is reflected in the book, although the breadth of his interests in receptor biology in general, in the role of nAChR-signaling receptors, in functions from addiction to consciousness, cannot be adequately conveyed in this brief format. Nonetheless, these too are areas in which Changeux's thinking has been of prime importance from a theoretical point of view.
Changeux's legacy goes well beyond his contributions to the scientific literature evident in this book. His dedication and style as a renaissance man has constituted a unique and fertile training environment for a large cadre of excellent scientists who continue to carry molecular neurobiology forward in important ways. In addition to Stuart Edelstein, these include Heinrich Betz at the Max-Planck Institute in Frankfurt, Jonathan Cohen at Harvard, Henry Lester at Caltech, Jacques Mallet at Gif Sur Yvette, John Merlie who was at Washington University, Katsuhiko Mikoshiba at Osaka, Christophe Mulle at INSERM, Marina Picciotto at Yale, and Thomas Podelski at Cornell, to list only a few of Changeux's many prominent proté gé s.
As Nicotinic Acetylcholine Receptors illustrates, Changeux continues to be as active today as he has always been. His recent work on the role of myo-D in regulating the compartmentalization of alpha subunit expression to specific nuclei lying underneath the endplate is again in the forefront of the field. His contributions to studies of brain nicotinic acetylcholine receptors were among the first, and his insights into the biochemistry and pharmacology of nicotinic signaling in the CNS continue to guide the field.
As one of the pioneers of molecular biology, Changeux has a very personal and strong view of the hierarchy of science. Changeux believes that the deepest insights into the functioning of receptors have come from molecular and structural biology. That is, of course, true. But all the insights that prepared the path for these studies came from physiological studies that do not quite receive the emphasis that the two reviewers would have given them. Fortunately, Edelstein's quantitative perspective on the kinetic of AChR desensitization helps to balance this molecular biological bias.
But this is a minor and personal quibble. Changeux's contributions have been central to the biology of the acetylcholine receptor, and he justifiably presents this subjective viewpoint. Because the acetylcholine receptor has been the model for the study of all ligand-gated receptors, Changeux's influence on the molecular biology of synaptic transmission has been enormous. Moreover, his work has been penetrating and broad and therefore has influenced many other aspects of neurobiology, from biophysics to signal transduction, from synaptic plasticity to development and learning. He has trained many people, made a major contribution to educating the public, and has served both the French and the international scientific communities in a wide variety of advisory roles. His unique perspective on receptor biology, and that of Stuart Edelstein, are clearly expressed here in Nicotinic Acetylcholine Receptors, a book that also serves as a wonderful introduction to those just beginning in this extraordinary field.
